A T-DNA-tagged population of Arabidopsis was screened for mutations in AtOPT3 , which encodes a member of the oligopeptide (OPT) family of peptide transporters, and a recessive mutant allele, opt3 , was identified. Phenotypic analysis of opt3 showed that most homozygous embryos were arrested at or before the octant stage of embryo development and that none showed the usual periclinal division leading to the formation of the protoderm. This defective phenotype could be reversed by complementation with the full-length, wild-type AtOPT3 gene. A ␤ -glucuronidase (GUS) fusion to DNA sequences upstream of the putative AtOPT3 ATG start codon was constructed, and the expression pattern was assayed in transgenic plants. AtOPT3 was expressed in the vascular tissues of seedlings and mature plants as well as in pollen. Consistent with the function of AtOPT3 in embryogenesis, AtOPT3::GUS expression also was detected in developing embryos and in the maternal tissues of seeds. These data suggest a critical role for peptide transport in early embryo development.
INTRODUCTION
Peptide transport is a widely observed phenomenon in both prokaryotes and eukaryotes. The process is characterized by the ability of cells to transport peptides across membranes in a carrier-mediated, energy-dependent manner. Transported peptides are hydrolyzed, and the resulting amino acids are used for protein synthesis or as alternative sources of nitrogen and carbon (Perry et al., 1994; Steiner et al., 1995) . Peptide transport systems usually are restricted to small peptides of two to six amino acids, exhibit high stereoselectivity, have no strict side chain specificity, and prefer ␣ -peptide bonds and the L -stereoisomers of amino acids (Becker and Naider, 1980; Payne and Smith, 1994) . In addition to a nutritional role, peptide transport systems also are involved in other cellular processes, such as bacterial quorum sensing (Swift et al., 1996) , yeast mating (Kuchler et al., 1989; McGrath and Varshavsky, 1989) , and mammalian immune response (Neefjes et al., 1993; Shepherd et al., 1993; Uedel et al., 1995) . Peptide transport systems also can take up physiologically active peptide derivatives. For example, peptide transport systems in animals are pharmacologically important for the uptake of peptide-derived antibiotics (e.g., cephalosporins [Okano et al., 1986a [Okano et al., , 1986b ) and anticancer agents (e.g., bestatin [Inui et al., 1990] ).
The ABC (ATP binding cassette) superfamily of transporters uses ATP hydrolysis for the transmembrane translocation of a large variety of substances (including peptides), and members have been identified in organisms ranging from Escherichia coli to human (Blackmore et al., 2001 ; reviewed by Detmers et al., 2001) . In contrast to the ABC family, the PTR (peptide transport) family uses the transmembrane proton gradient to energize transport. Members of the PTR family transport dipeptides and tripeptides as well as amino acids and nitrate (reviewed by Williams and Miller, 2001; Stacey et al., 2002) . PTR proteins have been identified in yeast (Perry et al., 1994; Basrai et al., 1995) , human (Liang et al., 1995) , rabbit (Fei et al., 1994 (Fei et al., , 2000 , mouse , barley (West et al., 1998) , and Arabidopsis (Frommer et al., 1994; Steiner et al., 1994; Song et al., 1997) . The Arabidopsis AtPTR2 transporter, when expressed in yeast, transported dipeptides and tripeptides but not larger peptides (Steiner et al., 1995; Song et al., 1996) . AtPTR2 antisense plants exhibited a delay in flowering time and arrest in seed development (Song et al., 1997) . Database comparisons with the Arabidopsis genome sequence identified 51 additional PTR family members, most of which were predicted to transport peptides .
The OPT (oligopeptide transport) family likely uses the proton motive force to drive transmembrane transport. The OPT family was first described in the pathogenic yeast Candida albicans (Lubkowitz et al., 1997) and subsequently in Schizosaccharomyces pombe (Lubkowitz et al., 1998) and Saccharomyces cerevisiae (Hauser et al., 2000) . OPT proteins are genetically and physiologically distinct from the ABC and PTR proteins and predominantly transport tetrapeptides and pentapeptides (Lubkowitz et al., 1997 (Lubkowitz et al., , 1998 . OPT transporters are predicted to have 12 to 14 transmembrane domains, and sequence homology indicates several conserved motifs (Hauser et al., 2001; Koh et al., 2002) . In addition to short peptides, the S. cerevisiae Opt1p was shown to transport glutathione (Bourbouloux et al., 2000) as well as enkephalins, which are endogenous opioid pentapeptides in the central nervous system (Hauser et al., 2000) . Database searches for homology with the C. albicans CaOpt1p revealed nine putative Arabidopsis OPT orthologs that form a distinct subfamily compared with the fungal OPTs Stacey et al., 2002) . Full-length cDNAs for seven Arabidopsis OPT transporters ( AtOPT1 to AtOPT7 ) were cloned and tested for their ability to take up various peptides when expressed in yeast . Five (AtOPTs 1, 4, 5, 6, and 7) of the seven AtOPTs were functional transporters in yeast, transporting at least one of the synthetic peptides KLLG, KLGL, and KLLLG. Peptide transport by AtOPT3 or AtOPT2 was not observed, perhaps as a result of the limited number of substrates available for testing. Using gene-specific primers, the expression of the cloned AtOPTs was detected by quantitative reverse transcriptase-mediated PCR in Arabidopsis, and each was found to exhibit a distinct tissue-specific expression pattern . The Arabidopsis OPT transporters were the first nonfungal orthologs to be identified. Plants can assimilate nitrogen in a variety of forms, such as ammonium, nitrate, amino acids, complex insoluble nitrogen-containing compounds, and soluble peptides (reviewed by Williams and Miller, 2001) . In contrast to the information available on plant transport of ammonium, nitrate, and amino acids, very little is known about peptide transporters and their physiological substrates. The presence of multiple peptide transporters in the Arabidopsis genome, as well as the known function of peptide transport systems in bacteria, fungi, and animals, supports the idea that plant peptide transporters play an important role in plant growth and development. Our previous reports on the cloning and characterization of PTR and OPT transporters in Arabidopsis further support this notion. To address the functional role of peptide transport in plants, we used a reverse genetics approach to identify a loss-of-function mutation in one of the Arabidopsis oligopeptide transporter homologs, AtOPT3. Phenotypic analysis of plants carrying a T-DNA insertion in AtOPT3 showed that the opt3 allele is recessive and that embryos homozygous for opt3 are arrested very early in embryogenesis. In addition, we also determined the tissuespecific expression pattern of an AtOPT3 promoter-␤ -glucuronidase (GUS) fusion in transgenic Arabidopsis. We found that AtOPT3 is expressed preferentially in the vascular tissues of seedlings and mature plants as well as in pollen and in developing embryos.
RESULTS

The opt3 Insertion Allele Is Lethal
Using a PCR-based approach, we identified an Arabidopsis line harboring a T-DNA insertion in the predicted fourth exon of the AtOPT3 gene ( Figure 1A) . The mutant line, designated N4, is heterozygous at the AtOPT3 locus ( Figure 1B) . DNA gel blot analysis using the T-DNA-encoded NPTII (neomycin phosphotransferase) gene as a probe showed a single band (data not shown), consistent with a single T-DNA copy inserted within AtOPT3 . The N4 plant showed wild-type phenotypes with regard to plant size and leaf and flower development. However, a seed-defective phenotype was observed. Before the greening stage, developing seeds appeared approximately similar in color and size (data not shown). After the greening stage (i.e., late heart to torpedo stages of embryo development), abnormal seeds become readily distinguishable as white seeds compared with the wild-type, green seeds ( Figure 1C) . The mutant seeds then became brownish and eventually dried out. This seed-defective phenotype is consistent with that observed for tagged embryolethal mutants (Meinke and Sussex, 1979; Errampalli et al., 1991) .
To determine the frequency and locations of mutant seeds, T3 plants derived from N4 were allowed to self-pollinate, and siliques from each plant were scored for the number and locations of mutant and wild-type T4 seeds. The genotype of each T3 plant also was determined to examine the cosegregation of the defective seed phenotype with the T-DNA insertion within AtOPT3 . Genotype determination and segregation analyses for 10 selected T3 plants are presented in Figure 2 . The five plants heterozygous for opt3 (plants 1 to 5) gave segregation ratios of wild-type to mutant seeds that were not significantly different from 3:1. By contrast, all nontagged plants (plants 6 to 10) produced wildtype seeds. In the heterozygous plants, 47 to 55% of mutant seeds were distributed in the upper half of each silique, indicating that the opt3 mutation has no apparent effect on the development of the male gametophyte (Meinke, 1982) . In addition, 25 more T3 and T4 plants also were examined for cosegregation of the defective seed phenotype with the opt3 allele. None of these plants was homozygous for opt3 , and plants heterozygous at the AtOPT3 locus produced wild-type and defective seeds (data not shown). Except for the defective seed phenotype, all viable T3 and T4 plants examined showed normal vegetative and reproductive development. Together, these results clearly indicate that the observed embryo-lethal phenotype is linked to the T-DNA insertion within AtOPT3 and that opt3 is recessive and results in seed abortion of the homozygotes.
To confirm that the defective seed phenotype is the result of the insertion mutation within AtOPT3 , genetic complementation was performed by transforming plants heterozygous at the AtOPT3 locus with a genomic DNA encoding the AtOPT3 gene and promoter region (promoter:: AtOPT3 ). As a control, transformation also was performed with a DNA encoding the GUS gene expressed from the native AtOPT3 promoter (promoter:: GUS ). Four independent transgenic plants heterozygous for AtOPT3 and hemizygous for the promoter:: AtOPT3 transgene were selfed and scored for seed lethality. All four lines showed a reduction in the number of defective seeds, giving an average ratio of wild-type to mutant seeds that was not significantly different from 15:1 (Table 1) . By contrast, control plants transformed with promoter:: GUS showed no genetic complementation (Table  1) . Therefore, the seed-lethal phenotype genetically complemented by AtOPT3 confirmed that the mutant phenotype is the result of the opt3 insertion allele.
opt3 Embryo Development Arrests at the Preglobular Stage
To characterize the nature of the seed lethality associated with opt3 , wild-type and mutant embryos from siliques of heterozygous T3 plants were analyzed at various stages of seed development. A comparison of wild-type and mutant embryos at the globular (Figures 3A and 3B), heart (Figures 3C and 3D), and torpedo (Figures 3E to 3G) stages of embryo development showed that mutant embryos remained small and arrested very early in embryogenesis. At the torpedo stage of normal development, mutant embryos became slightly shriveled (Figures 3F and 3G) , and most of them disintegrated by the curled cotyledon stage, although a few seeds retained embryos that were clearly disintegrating ( Figures 3H and 3I ). Despite aberrant embryo development, endosperm development of seeds harboring opt3 embryos appeared normal until the torpedo stage of normal development (Figures 3A to 3F), after which the endosperm and integument layers also started to disintegrate ( Figure  3H ). In the mature silique, mutant seeds eventually turned brownish and dried out.
During normal embryo development, the initial division of the zygote is transverse, generating a small, spherical apical cell and a large, elongated basal cell ( Figure 4A ). The apical cell undergoes two longitudinal divisions to produce a fourcelled embryo ( Figure 4B ), followed by a transverse division to form an octant embryo proper ( Figure 4C ). A periclinal division of each of the 8 cells gives a 16-celled embryo. The resulting outer cell layer constitutes the protoderm, the first histologically detectable tissue, which gives rise to the epidermis ( Figure 4D ). The basal cell, on the other hand, undergoes a series of transverse divisions to form the suspensor, which is composed of a single file of 6 to 11 cells, and the hypophysis, the uppermost derivative of the basal cell (Figures 4B to 4E) . Asymmetric division of the hypophysis gives rise to the hypophyseal cell, the lens-shaped cell at the base of the embryo proper that is the precursor of the root cap and the root quiescent center ( Figure 4F ) West and Harada, 1993) .
To determine the stage at which opt3 embryos are arrested during embryogenesis, 86 mutant embryos contained in heterozygous siliques at the globular to early heart stages of normal embryo development were scored for their The isolated N4 line is heterozygous for the opt3 allele. PCR amplification of the AtOPT3 wild-type allele with primers OPT3-A and OPT3-B (lane 2) and amplification of the mutant opt3 allele with primers JL202 and OPT3-B (lane 3) using genomic DNA isolated from the N4 (T2) plant. As a control, AtOPT3 was amplified (lane 1) from the wild type. (C) Embryo-lethal phenotype associated with opt3. An immature silique from a wild-type plant showed only green seeds (silique 1), whereas heterozygous siliques from the N4 plant segregated green and white seeds, with the latter siliques turning purplish/brown in older siliques (siliques 2 to 4). Black arrows, wild-type seeds; white arrows, mutant seeds. Bar ϭ 1.2 mm.
terminal phenotypes. These developmental stages were selected because younger siliques (single to octant stages) contained mutant embryos that were difficult to distinguish from the wild type, whereas older siliques (torpedo to curled cotyledon stages) contained mutant embryos that already were disintegrating or had fully disintegrated. Of the 86 mutant embryos scored, 12% were arrested at the single or two-celled stage ( Figure 4G ), 51% were arrested at the twoor four-celled stage ( Figure 4H ), and 23% were arrested at the octant stage ( Figure 4I) . A small percentage of mutant embryos (1%) showed an elongated embryo proper ( Figure  4J ). In addition, 8% of mutant embryos showed asynchronous cell division, in which only two of the cells in the quadrant stage had undergone transverse division, giving a sixcelled embryo ( Figure 4K ). In wild-type seeds, the 16-celled embryo underwent anticlinal and longitudinal divisions of the outer and inner cells, respectively, resulting in a radially symmetrical globular embryo ( Figures 4E and 4F ). In the case of opt3 embryos, a small percentage of the seeds examined (5%) showed embryos in which the cells that constitute the octant embryo proper underwent further cell divisions without previous periclinal division ( Figure 4L ), giving rise to embryos lacking the protoderm. Consistent with the early arrest in the development of the embryo proper, the hypophysis of opt3 embryos failed to undergo asymmetric cell division and thus lacked a differentiated hypophyseal cell ( Figures 4G to 4L ). The average suspensor length of 30 randomly selected opt3 embryos (arrested at the singlecelled to octant stages) was comparable to that of wild-type embryos at the two-celled to octant stages of normal development (data not shown).
AtOPT3 Is Expressed in Vascular Tissues, Pollen, and Embryos
Five independent transgenic lines expressing an AtOPT3 promoter-GUS fusion were analyzed histochemically for GUS activity to assess the temporal and spatial patterns of AtOPT3 expression during plant growth and development. In light-grown seedlings, AtOPT3 was highly expressed in the vascular tissues of cotyledons, hypocotyls, rosette leaves, roots, and stipules ( Figure 5A ). Likewise, adult plants showed AtOPT3 expression in the vascular tissues of rosette leaves ( Figure 5B), sepals ( Figures 5C and 5D ), and developing siliques and funiculi ( Figures 5E and 5F ). Weaker Figure 1B , except that a single PCR procedure containing OPT3-A, OPT3-B, and JL202 was performed for each of the T3 plants.
AtOPT3 expression also was detected in the vasculature of stamens and petals (data not shown). Strong expression of AtOPT3 was observed in pollen, but none was detected in unfertilized ovules ( Figures 5C and 5G) . The ubiquitous expression of AtOPT3 in various organs of both seedling and adult plants is consistent with a previous report on the expression pattern of AtOPT3 as determined by reverse transcriptase-mediated PCR .
Immediately after fertilization (2 to 4 h after fertilization), AtOPT3 expression was detected in the embryo sac ( Figure  6A) ; subsequently, AtOPT3 was expressed in developing maternal tissues as well ( Figure 6B ). By the globular stage, prominent GUS staining was observed in the developing endosperm, integument layers, the embryo proper, and the suspensor of the developing embryo ( Figure 6C ). At the heart stage, prominent staining of the developing embryo, but not the suspensor, was observed ( Figure 6D ). Although prominent GUS staining was observed in the embryo from the heart stage onward, very weak or no detectable staining was observed in the endosperm and integument tissues at these later stages ( Figures 6D to 6F ). The transition from globular to heart stage represents a change from radial to bilateral symmetry and marks the formation of the procambium, the precursor of vascular tissue, and the ground meristem West and Harada, 1993) . Consistent with the expression of AtOPT3 in vascular tissues of seedlings and adult plants, strong GUS expression was observed in the developing vasculature of embryos as early as the heart stage ( Figures 6G and 6H) , with cotyledons showing stronger GUS staining in the developing veins at the curled cotyledon stage.
DISCUSSION
Characteristics of opt3 Embryos
During plant embryogenesis, the zygote undergoes a series of highly orchestrated developmental changes involving cell division, elongation, and differentiation (West and Harada, 1993; Souter and Lindsey, 2000; Jürgens, 2001) . None of the opt3 embryos examined showed the characteristic periclinal division of cells that constitute the octant embryo proper, either because they were blocked before this stage (86%) or because cells in the octant stage divided further without previous periclinal division (5%). Moreover, the hypophysis did not undergo the asymmetric cell division necessary for the formation of the hypophyseal cell. Thus, opt3 embryos are compromised in cell division very early in development and are not able to establish the earliest precursor cells for embryonic organ systems: the protoderm cells for the epidermis and the hypophyseal cell for the embryonic root cap and the root quiescent center. Arrested opt3 embryos then undergo cellular degradation starting at the torpedo stage of normal development, coinciding with the time when the suspensor cells of wild-type embryos undergo programmed cell death (Marsden and Meinke, 1985; . Although AtOPT3 is clearly essential for embryo growth, it is not required for normal endosperm development, as shown by the apparently normal endosperm in seeds harboring opt3 embryos.
A wide variety of Arabidopsis genes involved in embryo development have been identified. These include genes in biotin biosynthesis ( BIO1 [Schneider et al., 1989] and BIO2 [Patton et al., 1998 ]), cell division ( KNOLLE [Lukowitz et al., 1996] and FACKEL [Jang et al., 2000] ), intron splicing ( SUS2 [Meinke, 1995] ), translation ( TWN2 [Zhang and Sommerville, 1997] and EDD1 [Uwer et al., 1998 ]), and hormone signaling ( AXR6 [Hobbie et al., 2000] and ABP1 [Chen et al., 2001] ). A summary of information on genes known to be involved in seed development, including descriptions of defective embryo development in various mutants, can be found at www.seedgenes.org. In a majority of the known embryodefective mutants, embryos were arrested after the dermatogen stage, usually at the transition from the globular to the heart stage (Errampalli et al., 1991; Castle et al., 1993; McElver et al., 2001 ). Examples of Arabidopsis mutants arrested very early in embryogenesis (i.e., before the dermatogen stage) include twn2 , a mutation in the valRS gene (Zhang and Sommerville, 1997), and titan (ttn) mutants (i.e., ttn1, ttn2, ttn4, ttn5, ttn7, ttn8, and ttn9), which are disrupted in genes likely involved in modulating chromosome integrity or microtubule assembly during mitosis (Liu and Meinke, 1998; McElver et al., 2000; Liu et al., 2002; . In these mutants, developmental arrest is accompanied by gross abnormalities such as the formation of basal cell-derived multiple embryos, in the case of twn2 (Zhang and Sommerville, 1997) , and abnormal endosperm tissue with giant polyploid nuclei , in the case of the ttn mutants. By contrast, a notable phenotype of opt3 embryos, in addition to arrest very early in development, is aberrant cell division, which is observed in a small percentage of mutant seeds examined. These include embryos lacking the protoderm layer as a result of the absence of the periclinal division that gives rise to this tissue (5%), as well as embryos that undergo asynchronous cell division (8%). These abnormalities in cell division are similar to those found in certain pattern-formation mutants. For example, a mutation in the Arabidopsis KNOLLE (KN) gene, which encodes a protein related to syntaxins, resulted in embryos that did not exhibit periclinal divisions (Lukowitz et al., 1996) . Likewise, asynchronous cell division was observed in axr6 embryos, which are defective in a gene involved in auxin response (Hobbie et al., 2000) . Unlike opt3 embryos, kn and axr6 embryos exhibited sustained cell division throughout embryogenesis, giving rise to mutant seedlings with no morphologically distinct epidermis layer (Mayer et al., 1991) and abnormal root, hypocotyl, and vascular tissues (Hobbie et al., 2000) , respectively. 
Function of AtOPT3 in Plant Growth and Development
In Arabidopsis, nine OPT orthologs were identified that exhibit 61 to 85% sequence similarity . When tested for the ability to transport peptides and peptide derivatives, AtOPTs were able to take up only selected tetrapeptides and pentapeptides but not dipeptides and tripeptides. Therefore, although the exact nature of the physiological substrate(s) for AtOPT3 remains unanswered, the data suggest that this substrate(s) is likely a small peptide, larger than a tripeptide, or a modified peptide. The expression of AtOPT3 in the vascular tissues of seedlings and mature plants suggests its possible role in the long-distance translocation of nutritionally important peptides necessary for plant growth and development. Significant levels of peptides were reported in phloem and xylem exudates, including non-protein-derived peptides such as alanylaminobutyric acid and glycylketoglutaric acid (Higgins and Payne, 1982) . There are certain advantages in plant cells transporting peptides as opposed to individual amino acids. Transported peptides can provide a wide variety of amino acids to cells and may be a more efficient means of long-distance transport of protein degradation products during leaf senescence and seed germination (Higgins and Payne, 1982) . Transport of peptides also can protect amino acids from catabolism by enzymes known to be present in the phloem (Higgins and Payne, 1980) . AtOPT3 expression is induced in the embryo sac immediately after fertilization. By the globular stage, AtOPT3 is expressed in all of the maternal and filial tissues of the developing seed. This expression pattern very early in embryogenesis is consistent with the arrest of opt3 embryos at the preglobular stage. Nutrient and signal exchanges between the developing embryo, the endosperm, and the maternal tissues are an important part of seed development. The early developmental arrest of opt3 embryos, as well as the temporal and spatial expression patterns of AtOPT3 in the filial and maternal tissues, suggests the crucial role of peptide transport during the earliest stages of embryogenesis. The induction of AtOPT3 expression after fertilization is coincident with the formation of extensive embryo sac wall ingrowths and the degeneration of the three antipodal cells . These changes in the embryo sac are believed to be indicative of an increased flux of biomolecules from the maternal tissues into the embryo sac. No specific function during reproduction has been attributed to the antipodal cells, although they may function in the transport of nutrients and growth substances for the embryo sac or they may serve as an additional nutrient source upon their degeneration after fertilization . Therefore, peptide transport by AtOPT3 appears to be among the earliest physiological events occurring during embryogenesis, namely, the import of peptide(s) from the maternal tissues and/or the degenerated antipodal cells immediately after fertilization.
Although not much is known about the role of peptides in Arabidopsis during seed development, the importance of peptides in other plants has been reported. For example, in kidney bean seeds, 34% of nonprotein amino nitrogen is present as a ␥-glutamyl peptide (␥-glutamyl-S-methyl-L-Cys), which is degraded upon seed germination and thus likely functions as a storage form for nitrogen and/or sulfur (Goore and Thompson, 1967) . In barley, a peptide transport system that can transfer dipeptides and tripeptides across the scutellum layer, a specialized absorptive tissue abutting the endosperm, was reported (Higgins and Payne, 1978; West et al., 1998; Waterworth et al., 2000) . It was proposed that storage proteins present in barley endosperm are hydrolyzed and transferred as peptides to the growing embryo. Therefore, the embryo-lethal phenotype of opt3 embryos, as well as the expression of AtOPT3 in the endosperm and the embryo, is consistent with the possibility that peptides or modified peptides serve as an important nitrogen source for the developing embryo. Specifically, peptides could be an important form of storage nitrogen in the endosperm and cotyledons as well as a form of imported nitrogen from the plant into the developing seed. The expression of amino acid permeases (AAP1 and AAP2) was demonstrated in Arabidopsis seeds, and these transporters were suggested to provide the developing seeds with amino acids for storage protein synthesis (Hirner et al., 1998) . However, the physiological function of various nitrogenous compounds and their transporters in seed development remains poorly characterized.
Although it is possible that AtOPT3 plays a solely nutritional role during embryogenesis, one can argue that the opt3 embryos may be blocked in the transport of an important developmental regulator. Indeed, there is a growing body of information on biologically active peptides or peptide derivatives and their importance in plant growth and development (Bisseling, 1999; Matsubayashi et al., 2001; Lindsey et al., 2002) . For example, plant growth factors such as auxin and gibberellin are bound frequently to small peptides, and these peptide-hormone conjugates are present in many tissues, including the vascular system and the endosperm of plant seeds (Salisbury and Ross, 1992) . Phytosulfokines are disulfated pentapeptides or tetrapeptides that stimulate plant cell division in tissue culture (Matsubayashi and Sakagami, 1996) . Regardless of whether AtOPT3 plays a nutritional or a signaling role, the data presented here provide evidence for the critical importance of the OPT family of transporters in seed development. Isolation of less severe opt3 alleles would be useful in further defining the function of AtOPT3. The observed phenotype of the opt3 lesion clearly suggests a specific function of AtOPT3 in embryogenesis. The observed differences in the tissue-specific and subcellular expression patterns of the various AtOPTs, as well as differences in their substrate specificity, suggest that each of the AtOPT transporters plays a unique role in plant metabolism . Further elucidation of the timing of expression and localization of AtOPTs and the identification of their cognate substrates will add significantly to our understanding of plant growth and development.
METHODS
Isolation of the opt3 Allele and Genetic Analysis
A total of 60,480 T-DNA-tagged Arabidopsis thaliana seeds generated at the University of Wisconsin Knockout Arabidopsis facility (Madison, WI) were screened for opt3 insertion alleles by PCR (see www.biotech.wisc.edu/Arabidopsis for methods). Insertions within AtOPT3 were identified using a primer specific for the T-DNA left border (JL202, 5Ј-CATTTTATAATAACGCTGCGGACATCTAC-3Ј) in tandem with OPT3-specific primers (OPT3-A, 5Ј-AAGACTAATGTC-CATCTCTCCTCGGACCA-3Ј; OPT3-B, 5Ј-TCGAGCGCTGCAGAGAGT-ACGTAATTGTA-3Ј). The locations and orientations of the primers are shown in Figure 1A . Appropriate PCR bands were identified by DNA gel blot analysis using the AtOPT3 cDNA as a probe. One line carrying an opt3 allele, designated N4, was identified and sequenced with a T-DNA-specific primer (JL270, 5Ј-TTTCTC-CATATTGACCATTCATACTCATTTG-3Ј). T-DNA copy number was determined by DNA gel blot analysis using a 546-bp NPTII cDNA fragment as a probe. For seed amplification, the N4 plant was allowed to self.
The genotype of the N4 line with regard to the opt3 allele, as well as subsequent T3 and T4 plants, was determined using a PCRbased approach. Briefly, genomic DNA was isolated from each plant analyzed and used as a template for PCR amplification of DNA fragments corresponding to the wild-type AtOPT3 allele and the opt3 insertion allele. The wild-type allele was amplified with the AtOPT3 gene-specific primers OPT3-A and OPT3-B to give a 2.4-kb PCR product. The opt3 mutant allele was amplified with OPT3-B and the T-DNA-specific primer JL202 to give a 1.2-kb PCR product. PCR products were detected by agarose gel electrophoresis. Partial sequencing using JL202 or OPT3-A confirmed that the observed PCR products corresponded to wild-type AtOPT3 or mutant opt3 sequences.
Plant Growth Conditions and Transformation
Seedlings were germinated aseptically on agar medium containing half-strength Murashige and Skoog (1962) salts (Sigma, St. Louis, MO) and 1% Suc (w/v) supplemented as required with 50 g/mL kanamycin or 20 g/mL hygromycin. For seed amplification and analysis of mature plants, 10-day-old seedlings were transferred to Pro-Mix soil (Premier Horticulture, Red Hill, PA) and grown at 22ЊC under constant fluorescent white light. Stable transformation of Arabidopsis was performed after the vacuum infiltration procedure for Agrobacterium tumefaciens-mediated T-DNA gene transfer (Bechtold and Pelletier, 1998) .
Phenotypic Analysis
The growth phenotypes of plants harboring the opt3 allele were observed carefully, making note of plant size, shape, and growth rate during vegetative and reproductive growth phases. Leaf and flower phenotypes were observed for any gross defect using a stereoscope (SZX12; Olympus, Tokyo, Japan). Defective seed development was noted by dissecting siliques of self-pollinated plants and enumerating the number of wild-type and aborted seeds present in each silique. At least eight siliques were scored per plant.
To determine the terminal phenotypes of opt3 embryos, seeds from heterozygous siliques were cleared in Hoyer's solution (7.5 g of gum arabic, 100 g of chloral hydrate, and 5 mL of glycerol in 30 mL of water) and observed for defects in embryogenesis, taking note of the terminal phenotypes of arrested embryos. Abnormalities in endosperm and integument development also were observed. Observation and documentation of morphology were performed using an Eclipse E600 microscope (Nikon Tokyo, Japan) equipped with Nomarski optics or a Leica SP2 laser scanning confocal microscope (Wetzlar, Germany) attached to a photo multiplier.
Construction of the AtOPT3 Promoter-␤-Glucuronidase Fusion and Analysis of Transgenic Plants
A 3.5-kb fragment containing sequences upstream of the predicted ATG start codon of AtOPT3 was amplified by PCR using OPT3pFor (5Ј-ACTGGATCCGGTCCAGTAGGCCATTTCACAT-3Ј) and OPT3pRev (5Ј-AGCGAATTCCTGGCAGAAAGTGAATGCTGTT-3Ј) primers. The amplified AtOPT3 promoter was cloned as an EcoRI-BamHI fragment into the binary vector pCAMBIA 1391Z (Hajdukiewicz et al., 1994) upstream of a promoterless ␤-glucuronidase (GUS) gene. Transformed Arabidopsis plants carrying the promoter-GUS fusion were selected based on hygromycin resistance encoded in the T-DNA and were stained for GUS using 5-bromo-4-chloro-3-indolyl-␤-D-glucuronide as a substrate according to published protocols (Jefferson et al., 1987) . Stained seedlings and tissues were fixed in 50% ethanol, 5% acetic acid, and 3.7% formaldehyde and destained in 70% ethanol overnight. Additional overnight clearing with lactophenol (water:glycerol:lactate:phenol, 1:1:1:2 [v/v]) was performed for seeds after the ethanol treatment to visualize the embryos. Staining patterns were observed and documented using a stereomicroscope (Olympus SZX12) or an Eclipse E600 microscope (Nikon) equipped with Nomarski optics.
Genetic Complementation
A 6.2-kb fragment encompassing the AtOPT3 genomic DNA and upstream sequences was cloned into the BamHI and BstEII sites of pCAMBIA 1391Z (Hajdukiewicz et al., 1994) . Transformed Arabidopsis plants carrying the opt3 allele were selected for hygromycin and kanamycin resistance. Selected plants were allowed to self and analyzed for the segregation of the embryo-lethal phenotype. PCR was used to distinguish transformed plants heterozygous at the opt3 locus. As a control, plants heterozygous at the opt3 locus that were transformed with the AtOPT3 promoter-GUS fusion described above also were analyzed for genetic complementation.
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